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Abstract 
The goal of this study is to quantify the effects of geologic heterogeneity on the dynamic process of CO2 attenuation in shallow 
aquifers through the use of multi-scale laboratory experimentation and numerical modelling. First, an experiment was conducted 
in an intermediate scale two-dimensional cell that was packed with water-saturated porous media in a simple heterogeneous 
configuration. Constant-head boundary conditions were applied to the system, and then CO2-saturated water was injected through 
it. As the CO2-saturated water migrated through the system, gas phase CO2 evolved within the porous media, as observed by 
dielectric saturation sensors. The outflow of CO2 gas from the top of the system was monitored by a gas flow meter, and the 
outflow of water from the side of the tank was monitored via collection into a container that was placed on a computer-interfaced 
scale. After the multiphase CO2 evolution appeared to have reached steady state, clean water was injected through the cell until 
all of the CO2 was expelled from the system. In addition to the experiments, numerical models were performed using the Finite 
Element Heat and Mass transfer (FEHM) code as a first step toward planning larger scale experiments. Results indicate that the 
presence of geologic heterogeneity, which is ubiquitous in natural environments, can significantly hinder the migration of CO2 in 
the shallow subsurface. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
Keywords: CO2 leakage; CO2 evolution; attenuation; dissolution; gas migration, FEHM 
 
 
* Corresponding author. Tel.: 1-303-918-9547 
E-mail address: mikeplampin@gmail.com 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
 Michael R. Plampin et al. /  Energy Procedia  63 ( 2014 )  4824 – 4833 4825
1. Introduction 
For geological carbon dioxide (CO2) sequestration, leakage of stored CO2 is a major concern because it could 
potentially lead to degradation of water quality [1] and/or release of CO2 to the atmosphere [2]. In order to predict 
and mitigate these risks, the subsurface behavior of CO2 must be well understood. However, this subject is very 
complex, involving concepts of chemistry, physics, thermodynamics, and miscible multiphase flow through porous 
media. 
During and after leakage from the storage formation, CO2 may exist in the subsurface as a dissolved component 
of brine, or as its own free phase. If water that is initially saturated with dissolved CO2 encounters a lower pressure 
or a higher temperature, a separate gas phase is likely to form (exsolve). The exsolution process begins with the 
formation (nucleation) [3] and possible buoyancy-driven migration [4–6] of individual gas bubbles. Once these 
bubbles have formed, diffusive mass transfer continually occurs between the two phases [7], potentially causing the 
bubbles to grow, coalesce, and/or eventually form viscous or capillary fingers through the medium. If the gas forms 
a continuous pathway, conventional miscible two-phase flow may ensue [8]. If the direction of the diffusion is 
reversed (i.e., if clean water replaces the CO2-saturated water), regions of gas phase may also snap-off and 
eventually dissolve back into the groundwater. All together, these processes are referred to as CO2 evolution. 
Many authors have studied CO2 evolution in porous media through numerical models [9,10], small pore- to core-
scale laboratory experiments [11], and field tests [12]. However, small-scale experiments are incapable of capturing 
the macroscopic phenomena that are relevant to realistic field-scale scenarios. Moreover, natural field sites are 
inherently complex, involving unknown heterogeneities and boundary conditions, and therefore do not provide an 
ideal setting in which to improve our fundamental understanding of the underlying physical processes that govern 
CO2 evolution. Thus, a significant research gap exists in developing a link between pore-scale and field-scale 
understanding of CO2 evolution. 
In order to help fill this knowledge gap, we incorporated a multi-scale testing approach for this study. First, we 
conducted an experiment in a heterogeneous, two-dimensional (2-D) sand tank at the intermediate scale. The 
intermediate scale is defined as a scale that lies between the core scale and the field scale. We also conducted a 
numerical simulation in order to plan for larger 2-D intermediate scale experiments. The work presented here builds 
upon several other studies that focused on CO2 gas evolution in one-dimensional (1-D) heterogeneous porous media 
systems [13,14]. 
 
Nomenclature 
ࢥ Porosity 
k Intrinsic permeability 
Swr Residual water saturation 
Sgr Residual gas saturation 
Pd Displacement pressure 
Ȝ Pore size distribution index 
Į van Genuchten/Mualem pore size distribution parameter 
n van Genuchten/Mualem entry pressure parameter 
2. Experimental 
One intermediate scale experiment was performed for this study. It was designed to investigate the macroscopic 
process of CO2 attenuation in a two-dimensional heterogeneous shallow aquifer. The test system was packed with a 
configuration that resembled a single clay lens within an otherwise highly permeable medium. In order to simulate 
both the exsolution and dissolution processes that are involved with heterogeneity-driven CO2 attenuation in shallow 
aquifers, CO2-saturated water was injected first, followed by clean water. We expected that when the plume of 
injected CO2-saturated water reached the interface between the high-permeability and low-permeability layers, gas 
phase would form, accumulate, and migrate beneath the interface. We expected some of this CO2 to remain beneath 
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the fine region, while the rest was expected to exit the system through the conduits of coarse sand near the top 
corners of the tank. Then, during injection of clean deionized (DI) water, the CO2 that remained in the tank was 
expected to dissolve slowly over time and exit the system. 
2.1. Methodology 
The setup for the experiment is shown in Fig. 1. The packing configuration consisted of mainly coarse sand 
(Granusil #20/30), with a region of finer material in the top-middle portion of the tank. The finer material consisted 
of a thin layer of mixed fine sand and silt (Ottawa #110 and Crushed silt #250 in a 2:1 ratio by mass), overlain by a 
thick layer of clay. The sand and silt were wet-packed with DI water in order to ensure an initial water saturation of 
1 inside the porous media. The clay was added in three different increments, so that it could be spread along the 
surface of the fine sand/silt mixture without trapping air between the layers. The first layer of clay was the “softest” 
of the three, consisting of 43% dry dolomite powder and 57% DI water by mass. The second and third clay layers 
consisted of 50%/50% and 67%/33% mixtures of dry dolomite/DI water, respectively. The clay was used in order to 
make the permeability of the top-middle region of the tank as low as possible, so that the fluids would flow 
preferentially through the coarse sand. This represents the most realistic scenario because, in large-scale, 
multidimensional systems, fluids are likely to avoid regions of low permeability. 
 
 
Fig. 1. Setup for the experiment. 
 
Thin vertical regions of very coarse sand (Granusil #8) were incorporated on both ends of the tank in order to 
implement constant-head boundary conditions. On each end wall of the tank, five ports connected the Granusil #8 
region to a constant-head device. The two constant head devices were positioned at exactly the same height so that 
no head gradient existed across the tank prior to the injection of CO2-saturated water. Two PVC injection wells were 
installed near the bottom of the tank. The one directly in the middle of the tank was used for the experiment, while 
the one off to the side could be used for future experiments in which a head gradient is incorporated across the tank 
from left to right. A total of 3 saturation sensors (ECH2O EC-5 sensors, Decagon Devices, Pullman, WA) were 
installed just beneath the region of fine material, because we expected gas phase to preferentially evolve and 
accumulate along the porous media interface during CO2-saturated water injection based on the findings of previous 
studies [13,14]. The saturation sensors were calibrated using post-processing techniques developed by Sakaki et al. 
[15,16]. A soil temperature sensor (ECH2O ECT sensor, Decagon Devices, Pullman, WA) was installed in the 
bottom-right corner of the tank in order to monitor the temperature fluctuations that occurred n the pore space during 
the experiment. 
The injection port of the tank was connected to the outlet of an innovative system that was designed to create 
CO2-saturated water. In this system, DI water was pumped through two sequential membrane modules (PermSelect 
0.25 m2, MedArray, Inc., Ann Arbor, MI). The first membrane was connected to a vacuum pump in order to degas 
the water, and the second was connected to a CO2 cylinder to infuse the degassed DI water with dissolved CO2. The 
water in the entire CO2 infusion system was maintained at 2 kPa throughout the CO2-saturated water injection. 
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According to the theory developed by Plampin et al. [17], this “saturation pressure” should theoretically cause the 
injected water to have a dissolved CO2 concentration that would lead to heterogeneity-enhanced gas phase CO2 
evolution at the interface between the low and high permeability regions. 
Injection of CO2-saturated water was performed at a rate of 2 mL min-1 until the readings from all three saturation 
sensors were steady. Clean DI water was then injected through the tank until all of the saturation readings returned 
to 1. Outflow of CO2 gas from the top of the tank was monitored with a gas flow meter (M-series mass flow system, 
0-50 SCCM, Cole Parmer, Vernon Hills, IL). Water that exited the tank through the constant head boundaries was 
collected in a container that was placed on an electronic scale (Vicon model, Sartorious Group, Acculab, Winter 
Park, FL). 
2.2. Results & discussion 
The data that were gathered during the experiment are shown in Fig. 2. CO2-saturated water was injected from 
time t = 0 until 6.27 hours. Injection of DI water was then performed from t = 6.65 until 27.18 hours. Gas phase was 
clearly detected by all three of the saturation sensors (i.e., the water saturation readings decreased) during the CO2-
saturated water injection. All of the gas phase CO2 then re-dissolved into the clean water during the DI water 
injection, causing the saturation readings from all three sensors to return to 1. The maximum detected gas 
saturations were around 0.1. This is lower than the values reported in several 1-D studies [13,14,18] because, in this 
2-D system, the gas was able to migrate laterally along the interface between the coarse and fine sands. During the 
exsolution period, the water outflow rate (i.e., the slope of Fig. 2c) increased slightly. During the dissolution (i.e., DI 
water injection period), the water outflow rate approached the inflow rate. After gas phase CO2 had formed and 
evolved in the system, it was all expelled from the top of the system in a short amount of time during the DI water 
injection, as reflected by the fact that the gas outflow reading decreased to a negligible value by t = 10 hours. 
 
a  
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Fig. 2. Results from the small 2-D tank experiment. Shown are data from: (a) the saturation and temperature sensors; (b) the CO2 gas flow meter; 
and (c) the scale on which water outflow was collected. 
3. Numerical 
In order to extend the experimental findings from the experiment into larger-scale systems, a numerical 
simulation was performed using FEHM [19]. The model domain was set up to match the overall dimensions of a 
larger experimental apparatus that has been prepared in the laboratory (1.22 m high by 4.88 m long by 5.7 cm wide). 
This large-scale setup will allow for much longer CO2 retention times than were provided by the experiment in the 
smaller tank. Furthermore, the large scale will allow for closer investigation of the exsolution and dissolution 
processes, with fewer effects from the boundary conditions along the ends of the tank. The simulation was designed 
to test the planned boundary conditions, sand combination, and CO2-saturated water injection rate for the first large-
scale experiment. 
3.1. Methodology 
All of the grid cells, except for a region in the upper-middle part of the model domain, were given the properties 
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of Granusil #20/30 sand. The finer region in the middle was given a much lower permeability and a much higher air 
entry pressure in order to represent clay-rich soil [20]. We hypothesize that this porous media combination will 
provide sufficient contrast for the heterogeneity to control the fluid flow paths during the experiments. Some 
parameters for the two different porous media are listed in Table 1. The parameters Pd and Ȝ describe the capillary 
pressure-saturation relationship according to the model by Brooks and Corey [21], while Į and n describe the 
relative permeability relationships according to the model developed by van Genuchten [22] and Mualem [23]. 
 
Table 1. Properties of the sands that were simulated using FEHM [24,20]. 
Property Coarse sand Clay-rich soil 
ࢥ 0.405 0.334 
k (m2) 1.205 x 10-10 5.311 x 10-11 
Swr 0.082 0.087 
Sgr* 0.34 0.34 
Pd (kPa) 1.2 10 
Ȝ 7.33 4.09 
Į (m-1) 8.33 1 
n 15.68 10.18 
*   Estimated from previous modeling experience. 
** Parameters given for Granusil #20/30 were actually measured with Accusand #20/30. It was assumed that these two sands 
are relatively similar. 
 
Fig. 3 shows the spatial layout of the different porous media that were simulated in the model. Equivalent 
constant head boundary conditions were applied along both of the vertical sides of the model domain so that there 
was no background flow across the simulated sand tank. 
 
 
Fig. 3. Setup for the numerical simulations. The sensors that are installed in the real experimental sand tank in the laboratory are also shown. 
 
In the simulation, CO2-saturated water injection from the bottom-centre of the model domain was simulated for 
30 days. The incoming water was assigned a concentration equal to the CO2 solubility limit at 10 kPa (i.e., the 
“saturation pressure” was 10 kPa and 20 °C). According to previously developed theories [17,25], this condition 
would lead to heterogeneity-enhanced gas phase CO2 evolution near the interface between the coarse and fine 
layers. The simulated CO2-saturated water injection rate was 100 cm3 min-1. 
3.2. Results & discussion 
The results from the simulation are shown in Fig. 4. The figure shows the transient evolution of both the 
dissolved (top) and gaseous (bottom) CO2 plumes. 
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Fig. 4: Evolution of the dissolved CO2 mass fraction (top) and the gaseous CO2 saturation (bottom) during the numerical simulation. Times 
shown are expressed in days since the simulated CO2-saturated water injection began. 
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The dissolved CO2 migrated through the entire lower part of the domain (beneath the heterogeneity) rather 
quickly (within less than 1 day). It then proceeded up through the regions of coarse sand in the top corners of the 
model domain. Finally, dissolved CO2 began to slowly penetrate into the clay-rich region in the middle part of the 
domain. The vastly different time scale of this penetration process indicates that it was mainly driven by diffusion, 
and that it was negligible compared to the advective migration of CO2 through the coarse sand. 
Gas phase CO2 initially formed in three bubble-like regions near the heterogeneity. One “bubble” was located 
directly above the injection port and directly below the fine layer, while the other two were located near the ends of 
the fine sand region. These results corroborate the findings of Plampin et al. (14), who showed experimentally that 
both continuously and discontinuously layered porous media can enhance the initial evolution of CO2 gas. The 
simulated gas bubble in the middle of the domain presumably formed due to the continuous (layered) heterogeneity 
there, while the bubbles on the sides of the model were potentially caused by the flow constrictions through the 
coarse sand regions at the corners of the domain. Once gas phase was present, the three “bubbles” expanded laterally 
and vertically, eventually coalescing with one another and reaching the atmospheric boundary at the top of the 
model. Although some of the injected CO2 eventually exited the model domain through the boundaries on the sides 
and the top, the continual accumulation of gas phase beneath the heterogeneity caused most of the CO2 to remain 
within the simulated porous media system. 
4. Conclusions 
In this study, we incorporated a multi-scale testing approach to assess the capacity of heterogeneous shallow 
aquifers to attenuate plumes of dissolved CO2 that could potentially leak from sequestration sites. We performed an 
intermediate scale experiment in which we injected CO2-saturated water, then clean water, through a tank that was 
packed with porous media in a simple heterogeneous configuration. We also performed a numerical simulation 
using FEHM, as a first step toward planning a set of larger-scale experiments. In general, the results suggest that 
layered heterogeneity in shallow aquifers can significantly hinder the migration of CO2. 
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